Bacterial small RNAs (sRNAs) are well established to regulate diverse cellular processes, but how they themselves are regulated is less understood. Recently, we identified a regulatory circuit wherein the GlmY and GlmZ sRNAs of Escherichia coli act hierarchically to activate mRNA glmS, which encodes glucosamine-6-phosphate (GlcN6P) synthase. Although the two sRNAs are highly similar, only GlmZ is a direct activator that base-pairs with the glmS mRNA, aided by protein Hfq. GlmY, however, does not bind Hfq and activates glmS indirectly by protecting GlmZ from RNA cleavage. This complex regulation feedback controls the levels of GlmS protein in response to its product, GlcN6P, a key metabolite in cell wall biosynthesis. Here, we reveal the molecular basis for the regulated turnover of GlmZ, identifying RapZ (RNase adaptor protein for sRNA GlmZ; formerly YhbJ) as a novel type of RNA-binding protein that recruits the major endoribonuclease RNase E to GlmZ. This involves direct interaction of RapZ with the catalytic domain of RNase E. GlmY binds RapZ through a secondary structure shared by both sRNAs and therefore acts by molecular mimicry as a specific decoy for RapZ. Thus, in analogy to regulated proteolysis, RapZ is an adaptor, and GlmY is an anti-adaptor in regulated turnover of a regulatory small RNA.
Bacterial small noncoding RNAs (sRNAs) function as regulators of gene expression in numerous diverse physiological circuits in response to changing internal or environmental cues such as metabolite concentrations or stresses (Gottesman and Storz 2011; Richards and Vanderpool 2011; Storz et al. 2011) . Therefore, the activities of sRNAs must be tightly controlled, which can occur at the level of biogenesis or decay or both. In the past decade, it became evident that sRNA expression is elaborately regulated at the transcriptional level, and cognate transcriptional regulators have been identified for an increasing number of sRNA genes (Gö pel et al. 2011; Chao et al. 2012; Holmqvist et al. 2012) . Many global regulators, including alternative s factors and twocomponent systems, use sRNAs to control target gene expression indirectly, providing further flexibility and fine-tuning in regulation (Gogol et al. 2011; Gö pel and Gö rke 2012) . In contrast, it is much less understood how sRNAs are regulated at the level of decay.
Key factors in sRNA degradation are the double-strandspecific endoribonuclease RNase III, the single-strandspecific endoribonuclease RNase E, and the 39 / 59 exoribonuclease polynucleotide phosphorylase (PNPase) (Arraiano et al. 2010; Storz et al. 2011; Vogel and Luisi 2011) . RNase E provides the scaffolding core of the RNA degradosome protein complex, which also contains helicase RhlB, enolase, and PNPase. The degradosome promotes bulk RNA turnover . RNase E and, less frequently, RNase III are also responsible for sRNA-mediated gene silencing through initiation of target mRNA degradation induced by base-pairing with the sRNA, which is often codegraded (Masse et al. 2003; Figueroa-Bossi et al. 2009; Caron et al. 2010; Bandyra et al. 2012) . Several sRNAs are cleaved by RNase E or RNase III independent of their targets. Initial processing may facilitate further degradation of the sRNA by enzymes such as PNPase (Andrade et al. 2012) or generate mature sRNA species with higher regulatory activity as a consequence of either increased stability or increased affinity for the target mRNA (Davis and Waldor 2007; Papenfort et al. 2009; Soper et al. 2010) . For microRNAs, the eukaryotic counterparts of bacterial sRNAs, protein factors have been implicated in the targeted processing and degradation of selected microRNAs (Suzuki and Miyazono 2011; Xhemalce et al. 2012; Zisoulis et al. 2012) . Whether there are also specific protein cofactors for the degradation of individual Hfq-associated sRNAs by core endoribonucleases such as RNase E is unknown. So far, only a few specific sRNA-binding proteins have been identified in bacteria (Pichon and Felden 2007 ).
An intriguing example of a complex sRNA-regulated circuit with many input functions is the GlmY/GlmZ sRNA cascade of Escherichia coli. GlmY and GlmZ are homologous sRNAs that jointly control synthesis of the metabolic enzyme glucosamine-6-phosphate (GlcN6P) synthase GlmS (Kalamorz et al. 2007; Reichenbach et al. 2008; Urban and Vogel 2008) . GlmS catalyzes synthesis of GlcN6P, which is the key reaction of the amino sugar pathway providing precursors for assembly of the cell wall and the outer membrane. The ;207-nucleotide (nt)-long sRNA GlmZ base-pairs with an anti-Shine-Dalgarno sequence in the glmS mRNA, thereby promoting translation and concomitant stabilization of the mRNA. GlmZ is inactivated by processing to a shorter variant of 151 nt that lacks the glmS interaction site. The related 184-nt-long GlmY sRNA is also subject to processing at its 39 end by an as yet unknown enzyme, resulting in a variant of 147 nt. Processed GlmY accumulates upon decreasing intracellular concentrations of GlcN6P and inhibits processing of GlmZ, thus activating glmS indirectly. Thus, GlmY and GlmZ operate hierarchically to attune glmS expression, thereby mediating GlcN6P homeostasis.
Genetic analysis identified YhbJ, a protein of unknown function, as an additional factor in this regulatory cascade (Kalamorz et al. 2007; Urban and Vogel 2008) . YhbJ positively controls processing of GlmZ. In the absence of YhbJ, GlmZ is not processed, whereas overproduction of YhbJ increases the fraction of processed GlmZ, suggesting that YhbJ is limiting for GlmZ processing (Supplemental Fig. S1A ). GlmY has no impact on GlmZ and glmS in an yhbJ mutant, suggesting that GlmY acts through YhbJ (Supplemental Fig. S1B ; Reichenbach et al. 2008; Urban and Vogel 2008) . The high similarity of both sRNAs in sequence and structure suggested that GlmY possibly acts by a mimicry mechanism on GlmZ, perhaps through targeting protein YhbJ.
In the present study, we provide molecular evidence that YhbJ acts as an adaptor protein, guiding processing of GlmZ. YhbJ specifically binds both sRNAs at a conserved central stem-loop. However, the ribonuclease responsible for GlmZ processing is RNase E rather than YhbJ itself. We found that YhbJ directly interacts with the catalytic domain of RNase E. In vitro, RNase E requires YhbJ for specific and rapid processing of GlmZ, while GlmY inhibits this reaction through sequestration of YhbJ. Thus, YhbJ is a novel type of sRNA-binding protein that targets GlmZ for degradation by RNase E. This process is counteracted by the decoy sRNA GlmY mediating hierarchy within the GlmY/GlmZ cascade. By analogy, this regulatory circuit bears a strong resemblance to the mechanism of controlled proteolysis, in which a regulatory protein is delivered to its degrading protease by an adaptor protein, while anti-adaptor proteins counteract this process through sequestration of the adaptor (Bougdour et al. 2008) . In this scenario, YhbJ serves as an adaptor, recruiting GlmZ to RNase E, and sRNA GlmY acts as an anti-adaptor. Thus, we propose renaming YhbJ as RapZ (RNase adaptor protein for sRNA GlmZ).
Results
Unlike GlmZ, GlmY is not an Hfq-dependent small RNA and presumably acts by protein binding Although GlmY and GlmZ are very similar sRNAs, they use different mechanisms to regulate glmS. GlmZ activates glmS through base-pairing. Many base-pairing sRNAs require the hexameric RNA chaperone Hfq for functionality, at least in Gram-negative bacteria (Vogel and Luisi 2011) . Hfq facilitates annealing of cognate sRNA/mRNA pairs and stabilizes the resulting duplexes. Moreover, base-pairing sRNAs are often destabilized in hfq mutants, while protein-binding sRNAs do not show these properties . Recent coimmunoprecipitation experiments identified GlmZ as a sRNA associating with Hfq, whereas GlmY could not be detected in these Hfq pull-down assays (Chao et al. 2012) . GlmY regulates glmS indirectly in a process that is likely to involve RapZ. However, GlmY does not control synthesis of RapZ, since neither absence nor overexpression of GlmY had any significant effect on the amount of RapZ (Supplemental Fig. S2 ). Collectively, these observations suggest that GlmY may not be an Hfq-binding base-pairing sRNA but uses a distinct molecular mechanism.
To corroborate this conclusion, we determined Hfqbinding affinities for GlmY and GlmZ in vitro and examined GlmY and GlmZ stabilities in an hfq mutant. Trans-encoded base-pairing sRNAs display high binding affinities for Hfq exhibiting K d s in the range of 0.1-10 nM, whereas nonspecific RNAs have significantly lower affinities (Olejniczak 2011; Panja and Woodson 2012) . Indeed, GlmZ was efficiently bound by purified Hfq in vitro (apparent K d ;10 nM), while ;15-fold higher Hfq concentrations were required for binding of GlmY, indicating unspecific binding (Fig. 1A) . Consistently, the amount of the full-length (i.e., base-pairing) variant of GlmZ was significantly reduced in the hfq mutant, whereas GlmY was not affected (Fig. 1B) . These results indicate that GlmY does not act by Hfq-assisted base-pairing to prevent processing of GlmZ but might act by targeting of a protein, for which the most likely candidate is RapZ.
RapZ specifically binds small RNAs GlmY and GlmZ
To explore whether RapZ binds GlmY and perhaps also GlmZ, copurification experiments were performed. Recombinant RapZ carrying the Strep tag epitope at its N terminus was overexpressed in wild-type cells ( Fig. 2A , bottom panel). Cells carrying the empty bait vector or a bait vector expressing the Strep-tagged phosphotransferase protein PtsN served as negative controls. Cell extracts were subjected to StrepTactin affinity chroma-tography, and recombinant proteins were eluted (Supplemental Fig. S4 ). Copurifying RNA was extracted from the elution fractions and analyzed by Northern blot ( Fig. 2A , top panels). Notably, GlmY as well as GlmZ, both in their processed forms, were recovered with Strep-RapZ but were undetectable in the control samples. The abundant protein-binding sRNA CsrC could not be detected in any of the analyzed samples, suggesting that RapZ does not bind every sRNA.
To corroborate that RapZ binds GlmY and GlmZ specifically, the copurified RNAs were analyzed by deep sequencing (Fig. 2B ). Blast analysis of the sequences of the RapZ-derived cDNA library yielded 43,644 mapped reads, 50% of which corresponded to GlmY and 30% of which corresponded to GlmZ ( Fig. 2B; Supplemental Fig. S5 , Supplemental Excel File S1). Thus, GlmY and GlmZ were ;1000-fold enriched by Strep-RapZ copurification as compared with the negative controls. These results demonstrated that GlmY and GlmZ are the main, if not the sole, targets of RapZ. Finally, we tested binding of GlmY and GlmZ by purified RapZ in vitro by gel retardation analysis. Both sRNAs were efficiently bound by RapZ with an apparent K d of ;30 nM for GlmY and ;75 nM for GlmZ (Fig. 2C) . Addition of unlabeled GlmY or GlmZ competitor RNA decreased complex formation. RapZ bound the full-length and the processed forms of each sRNA with similar affinity (Supplemental Fig. S6 ), suggesting that the 39 ends of the sRNAs are dispensable for efficient binding. A control experiment using the unrelated sRNA MicF revealed complex formation with RapZ only at the highest protein concentrations, reflecting unspecific binding (Supplemental Fig. S7 ). Collectively, the results show that RapZ specifically binds GlmY and GlmZ in vivo and in vitro with high affinity. Moreover, RapZ appears to have a higher affinity for GlmY than for GlmZ.
RapZ interacts with the central stem-loops of GlmY and GlmZ, presumably via its C-terminal end RapZ is an uncharacterized protein that shows no extended homology with other proteins; the only discernable motifs are a Walker A and a Walker B motif, which allow binding of GTP or ATP (Luciano et al. 2009 ). We used the software tool BindN to predict potentially RNA-binding residues in RapZ. The analysis revealed clustering of candidate residues in the C terminus of RapZ ( Fig. 3A ; Supplemental Material). Sequence alignment analysis of RapZ homologs from various bacteria showed that the sequence of this region is highly conserved in Enterobacteriaceae, which possess the GlmY/GlmZ sRNAs, but deviates in those bacteria that lack these sRNAs ( Fig. 3A ; Supplemental Fig. S8 ; Gö pel et al. 2011) . To determine whether the C-terminal region of RapZ is required for binding of the sRNAs, we substituted the residues K270, K281, R282, and K283 with alanine, resulting in a quadruple mutant (subsequently designated RapZ quad ) (Fig. 3A) . Complementation analysis revealed that these mutations abrogated the function of RapZ in vivo. In a DrapZ mutant, unprocessed GlmZ accumulates and up-regulates glmS expression, as monitored by a glmS9-lacZ reporter fusion (Fig. 3B ) and Northern blotting (Supplemental Fig. S10A ). Introduction of a plasmid carrying the wild-type rapZ gene under control of an arabinose-inducible promoter complemented the DrapZ mutant, while this was not the case when using an isogenic construct expressing RapZ quad (Fig. 3B) . A Western blot confirmed that the RapZ quad protein is expressed and stable (Supplemental Fig. S10B ). Next, copurification experiments were carried out to determine whether the inactivity of RapZ quad in vivo is caused by an inability to bind the sRNAs. Strep-tagged RapZ quad and wild-type Strep-RapZ were purified by StrepTactin affinity chromatography (Supplemental Fig. S11 ), and copurifying RNAs were analyzed by Northern blot (Fig. 3C ). Once again, GlmY and GlmZ efficiently copurified with the wild-type protein but not with the quadruple mutant. Finally, purified RapZ quad also failed to bind GlmY and GlmZ in gel retardation experiments (Supplemental Fig. S12) . Therefore, the RapZ C terminus is required for sRNA binding, suggesting that this region is involved in RNA binding.
To determine which regions in the GlmY and GlmZ sRNAs are bound by RapZ, we performed structural (wild-type) and the Dhfq mutant Z664 were grown in LB. Total RNA was isolated from samples harvested at various time intervals and analyzed by Northern blotting using the indicated probes. As loading controls, the membranes were reprobed against 5S rRNA (Supplemental Fig. S3 ).
probing of the sRNAs by limited RNase T1 digestion in the absence and presence of RapZ. RNase T1 cleaves ssRNA downstream from guanosine residues. The sRNAs, after 59 end labeling with 32 P, were partially digested by RNase T1 in their denatured (Fig. 4A ,B, lanes 3) as well as native (Fig. 4A ,B, lanes 4) forms. Comparison of the cleavage patterns generated by RNase T1 generally confirmed our previous structure predictions for GlmY and GlmZ (Fig. 4C,D; Reichenbach et al. 2008; Urban and Vogel 2008) . In the presence of 40 nM or 300 nM RapZ (Fig. 4A ,B, lanes 5,6, respectively) several residues in GlmY and GlmZ became partially or totally protected from cleavage. These residues were located in the central stem-loop structures, in particular in the conserved lateral bulges of the sRNAs. In addition, residues in the vicinity of the processing site became protected in GlmZ. These data suggest that RapZ binds both sRNAs at similar structural motifs.
RapZ physically interacts with RNase E, which is responsible for processing of GlmZ
Previous in vivo evidence suggested that RapZ somehow triggers processing and thereby inactivation of GlmZ To verify overproduction of Strep-PtsN and Strep-RapZ, total protein extracts of samples collected before and 1 h after addition of IPTG were separated on 12.5% SDS-polyacrylamide gels, and gels were analyzed by staining with Coomassie blue. The cell extracts were passed through StrepTactin columns, resulting in purification of the Strep-tagged proteins (Supplemental Fig. S4 ). Coeluting RNA was isolated and subjected to Northern analysis using probes specific for GlmY (left), GlmZ (middle), and CsrC (right). Five micrograms of total RNA of strain R1279 served as positive control (last lane, respectively). (B) The majority of RNA molecules copurifying with Strep-RapZ correspond to GlmY and GlmZ. The RNA preparations isolated in the copurification experiments described in A were converted to cDNA and analyzed by 454 pyrosequencing. The relative distribution of reads mapping to the different RNA categories is shown in 100% stacked column charts. (C) RapZ binds GlmY and GlmZ in vitro. EMSAs used a-32 P-UTP-labeled GlmY (left) or GlmZ (right) sRNAs and various concentrations of purified Strep-RapZ as indicated. In the last two lanes, 120 nM unlabeled GlmY or GlmZ corresponding to a 30-fold excess over the labeled sRNAs was added as a competitor. (Kalamorz et al. 2007; Urban and Vogel 2008) . However, the in vitro experiments above did not yield any evidence that RapZ itself could be this processing enzyme (Figs. 2C, 4B). Therefore, we searched for ribonucleases required for processing of GlmZ. To this end, we investigated the fates of GlmY, GlmZ, and glmS transcripts in mutants defective for the major endoribonucleases RNase E, RNase III, and RNase G by Northern blot analysis (Fig. 5A ). Since RNase E is essential, a temperature-sensitive mutant was used, which becomes nonpermissive at 44°C. While none of the RNase mutations substantially affected GlmY, processing of GlmZ was specifically inhibited upon inactivation of RNase E. As expected, this resulted in concomitant up-regulation of the glmS mRNA and the glmUS cotranscript, which undergoes processing by RNase E at the glmU stop codon (Joanny et al. 2007; Kalamorz et al. 2007 ). In conclusion, RNase E, and not RNase III as suggested previously (Argaman et al. 2001) , is required for processing of GlmZ in vivo.
Next, we asked whether the stimulatory effect of RapZ on RNase E-mediated processing of GlmZ might involve a physical interaction of RapZ and RNase E. Therefore, we tested whether a chromosomally encoded RNase E-Flag variant copurified together with Strep-RapZ upon StrepTactin affinity chromatography. RNase E-Flag was indeed detectable in the elution fractions of the StrepRapZ purification but absent from control elutions carried out with extracts of cells that expressed the Strep-PtsN protein or carried the empty bait vector ( Fig. 5B ; Supplemental Fig. S14 ). To confirm these results, bacterial twohybrid (BACTH) assays were performed using the BACTH system, which relies on reconstitution of the activity of split adenylate cyclase CyaA in E. coli (Karimova et al. 1998) . Indeed, high b-galactosidase activities, reflecting successful restoration of CyaA activity and therefore protein-protein interaction, were observed when RNase E and RapZ were fused to the C termini of the T25 and T18 fragments of CyaA, respectively (Fig. 5C , first column; Supplemental Fig. S15A ). Comparable enzyme activities were obtained when the already established interaction of enolase and RNase E was tested as a positive control. In contrast, interaction between PtsN and RNase E (negative does not complement a DrapZ mutation, as monitored by Northern blot (top panel) and by the expression of a glmS9-lacZ fusion (histogram). Strains Z8 (wild-type) and Z28 (DrapZ) were used, which carry a glmS9-lacZ reporter fusion on the chromosome. Additionally, transformants of strain Z28 were tested, which contained plasmids carrying either wild-type rapZ (plasmid pBGG61), the mutant rapZ quad gene (plasmid pYG30), or no insert (empty vector pBAD33) under control of an arabinose-inducible promoter. Cells were grown in LB in the absence or presence of arabinose as indicated, and the b-galactosidase activities were determined. In addition, total RNAs were isolated and subjected to Northern blotting using a probe directed against GlmZ. The loading controls are provided in Supplemental Fig. S9 . (C) GlmY and GlmZ do not copurify with RapZ quad . A copurification experiment as shown in Figure 2A was carried out. Transformants of strain R1279 overproducing either Strep-RapZ quad (encoded on plasmid pYG29) or Strep-RapZ (encoded on plasmid pBGG164; positive control) were tested. The copurifying RNA was analyzed by Northern blot using probes specific for GlmY (top) or GlmZ (bottom). Total RNA of strain R1279 served as positive control (first lanes, respectively). control) could not be detected by the BACTH system, consistent with the results of the copurification approach (Fig. 5C , second and fourth columns). To narrow down the RapZ interaction site in RNase E, N-terminally and C-terminally truncated RNase E variants were tested in the BACTH assay (Fig. 5C , fifth to seventh columns; Supplemental Fig. S15A ): RapZ preferentially interacts with the N-terminal part of RNase E (residues 1-597), which comprises its catalytic domain. However, the lessefficient interaction of RapZ with the N-terminal fragment of RNase E, as compared with the full-length protein, might indicate that residues in the RNase E C terminus also contribute to this interaction. Control experiments demonstrated the expected interaction of enolase with the C-terminal but not the N-terminal fragment of RNase E, thus verifying functionality of the T25-RNase E (499-1061) fusion protein (Supplemental Fig. S15B ). In additional experiments, all interactions were tested in the opposite orientation; i.e., the various RNase E variants were fused to the CyaA-T18 domain, whereas its potential interaction partners were fused to CyaA-T25. Phenotypic monitoring of the b-galactosidase activities of the various transformants confirmed the results (Fig. 5C , right): RapZ interacts with the N-terminal part of RNase E, while enolase binds to the RNase E C terminus. To further corroborate these results, we tested interaction in vitro by dot blot far-Western analysis using purified proteins (Fig. 5D ). Strep-RapZ was spotted in serial dilutions on a membrane, which was subsequently incubated in a solution containing the 6xHis-tagged catalytic domain of RNase E (residues 1-529). Incubation with aHis antiserum revealed interaction of the truncated RNase E with RapZ but not with the negative controls BSA, Strep-PtsN, or RhlB ( Fig. 5D; Supplemental Fig. S16 ). RhlB is known to interact with the C-terminal part of RNase E . Essentially, the same result was obtained when the reverse experiment was carried out; i.e., when membrane-immobilized His 6 -RNase E (1-529) was treated with a solution containing Strep-RapZ, and complexes were detected with aStrep antiserum (Supplemental Fig.  S17A ).
Next we analyzed whether the observed interaction between RapZ and the catalytic domain of RNase E was direct or resulted from the simultaneous interaction of both proteins with GlmZ and thus required RNA. Therefore, we tested the RapZ quad mutant, which lacks sRNAbinding activity (Fig. 3) , in the various protein-protein interaction assays ( Fig. 5B-D; Supplemental Figs. S15-S17 ).
The data revealed that the RapZ quad protein still interacted with the catalytic domain of RNase E, although with a slightly decreased affinity as compared with wildtype RapZ. Together, our data suggest that RapZ directly interacts with the catalytic domain of RNase E in a RNAindependent manner.
RapZ triggers processing of GlmZ by RNase E in vitro
Our observations that RapZ interacts with GlmZ as well as with RNase E and that both proteins are required for processing of GlmZ in vivo raised the possibility that RapZ recruits GlmZ to RNase E for subsequent processing. To test this idea, processing of GlmZ by RNase E was studied in vitro. Forty nanomolar radiolabeled GlmZ were incubated with increasing concentrations of the purified catalytic domain of RNase E (Fig. 6A) . This procedure did not yield significant amounts of processed GlmZ species that matched the 151-nt fragment observed in vivo (Fig. 6A-C) , suggesting that RNase E alone is not . Strain N3431 carries a temperature-sensitive RNase E variant, which becomes inactivated upon a temperature shift from 30°C to 44°C. Northern blot analysis was performed using the indicated probes. The loading controls are provided in Supplemental Figure S13. (B) RNase E copurifies with RapZ independently of RNA binding by RapZ. Strain Z64, which carries a Flag-tagged rne gene (encoding RNase E-Flag) on the chromosome and additionally contained either plasmid pBGG237 (empty vector; lanes 1-3), plasmid pBGG217 encoding Strep-PtsN (lanes 4-6), plasmid pBGG164 encoding Strep-RapZ (lanes 7-9), or plasmid pYG29 encoding Strep-RapZ quad (lanes 10-13), was grown in LB containing 1 mM IPTG for induction of synthesis of the Strep-tagged proteins. The cell extracts were subjected to the copurification protocol using StrepTactin affinity chromatography (Supplemental Fig S11) . The presence of RNase E-Flag in the eluates was tested by Western blotting using antiFlag antiserum. (C) BACTH assays indicating interaction of the N-terminal part of RNase E with RapZ independent of its RNA-binding function. High b-galactosidase activities, which were monitored either quantitatively (left) or phenotypically on X-Gal agarose plates (right), reflect reconstitution of split adenylate cyclase CyaA activity though interaction of the proteins that are fused to its separately encoded T25 and T18 domains. The various plasmids that were tested in strain BTH101 are listed in Supplemental Table S2 . (D) Dot blot far-Western indicating interaction of RapZ with the catalytic domain of RNase E in vitro. Various amounts of purified Strep-RapZ, Strep-RapZ quad , and BSA (negative control) were spotted onto a membrane and subsequently incubated in 50 nM His 6 -tagged catalytic domain of RNase E. Interaction was visualized with an antiserum directed against the His tag. sufficient to mediate efficient GlmZ processing. Importantly, the presence of 150 nM purified RapZ in this assay promoted efficient processing of GlmZ to the product of expected size (Fig. 6A) . Additional assays were carried out using a fixed concentration of 10 nM RNase E and varying concentrations of RapZ (Fig. 6B) . These data revealed that RapZ triggered correct processing of GlmZ in a concentration-dependent manner. An approximately threefold excess of RapZ over RNase E was required to obtain complete processing of GlmZ within the reaction time. Interestingly, RapZ forms a homotrimer in solution (Resch et al. 2013) , suggesting a 3:1 stoichiometry of RapZ and RNase E in the complex. Moreover, nonspecific cleavage was suppressed toward higher concentrations of RapZ.
Our experiments suggested that RapZ makes contacts with the lateral bulge in the central stem-loop of GlmZ (Fig. 4B,D) . Residues G132, G137, and G139, located in this bulge, became protected from RNase T1 digestion in the presence of RapZ (Fig. 4B) . To determine whether these residues are important for binding of GlmZ by RapZ and/or its processing by RNase E, we studied the effects of their individual mutations. Substitution of wild-type GlmZ with the corresponding GlmZ mutants caused strong up-regulation of glmS expression, as inferred from expression of a glmS9-lacZ reporter gene fusion and Northern blot analysis (Supplemental Fig. S18A,B) . Gel retardation assays showed that the GlmZ mutants were still efficiently bound by RapZ, similar to wild-type GlmZ (Supplemental Fig. S18C ). Notably, when tested in the in vitro cleavage assay, processing of the GlmZ mutants by RNase E was strongly inhibited as compared with wild-type GlmZ, which was tested in parallel (Fig. 6C ).
In conclusion, single mutations in the lateral bulge of GlmZ are not sufficient to abolish binding by RapZ but strongly impair processing by RNase E.
GlmY counteracts processing of GlmZ by acting as a decoy for RapZ
In vivo, GlmY counteracts processing of GlmZ. To reconstitute this antagonism with a minimal system, we 5) and the isogenic DglmS mutant Z555 (lanes 6,7) lack the authentic rapZ gene but carry the arabinose-inducible strep-rapZ gene at an ectopic site. The strains were grown in LB containing GlcN and arabinose until an OD 600 = 0.3. Subsequently, the cultures were split, and growth was continued in the absence or presence of GlcN (Supplemental Fig. S21B) . After 2 h, the cultures were subjected to the copurification protocol, resulting in purification of Strep-RapZ (Supplemental Fig. S23 ). The copurifying sRNAs were analyzed by Northern blotting. (Lanes 2,3) Wild-type strain R1279 carrying no strep-rapZ served as negative control. (Lane 1) Five micrograms of total RNA of strain R1279 served as positive control.
tested the effect of GlmY on processing of GlmZ by RNase E in vitro. To this end, 60 nM cold GlmY was added to the in vitro cleavage system containing radiolabeled GlmZ and RapZ and varying amounts of the catalytic domain of RNase E (Fig. 6A) . Intriguingly, the presence of GlmY strongly inhibited processing of GlmZ. High RNase E concentrations led to some processing, but the majority of the emerging products corresponded to unspecific cleavage similar to the one observed when RapZ concentrations were limiting. Both full-length and processed GlmY inhibited cleavage of GlmZ in these in vitro assays with comparable efficiency (cf. Fig. 6A and Supplemental Fig. S19 ). This is consistent with our observation that RapZ binds both forms of GlmY with similar affinities in vitro (Supplemental Fig. S6A ). Addition of 60 nM noncognate sRNA SraC to the in vitro cleavage system did not impair processing of GlmZ, demonstrating that this is a specific function of GlmY (Supplemental Fig. S20 ). These results, together with the observation that GlmY binds RapZ with high affinity (Fig. 2) , indicated that GlmY counteracts processing of GlmZ through sequestration of its processing cofactor, RapZ.
To obtain in vivo evidence that GlmY and GlmZ compete for binding of RapZ, we carried out copurification experiments using Strep-RapZ as bait. To obtain physiological concentrations of RapZ, a strain was used in which the native rapZ gene was replaced by strep-rapZ, which was expressed from an arabinose-inducible promoter at the ectopic chromosomal lattB site (Supplemental Fig. S21A ). Control experiments verified that upon induction, Strep-RapZ triggered processing of GlmZ with the same rate as observed in the wild-type strain (Supplemental Fig. S21A ). To investigate whether high concentrations of one sRNA may prevent binding of the other sRNA to RapZ, plasmids overexpressing either GlmY or GlmZ were introduced into this strain in addition to the chromosomally encoded sRNAs. Overexpression of GlmY and, to a marginally lower extent, GlmZ led to up-regulation of the glmS transcript (Supplemental Fig. S22 ), which is in agreement with previous data (Reichenbach et al. 2008; Urban and Vogel 2008) . From these strains, Strep-RapZ was purified by affinity chromatography, and copurifying sRNAs were analyzed by Northern blotting (Fig. 6D) . Only GlmY, not GlmZ, copurified with Strep-RapZ when the strain overexpressing glmY was examined. The opposite result was obtained when the strain overexpressing glmZ was subjected to the copurification experiment. These results showed that high concentrations of GlmY displace GlmZ from RapZ, and vice versa.
In wild-type cells, GlmY accumulates upon depletion of the cellular GlcN6P pool, which leads to the inhibition of GlmZ processing (Reichenbach et al. 2008) . Therefore, we predicted that under conditions of low GlcN6P concentrations, the ratio of GlmY/GlmZ bound to RapZ should shift in favor of GlmY. To achieve GlcN6P depletion, a DglmS mutant was used. This mutant requires exogenous supplementation with amino sugars such as GlcN for viability. Upon uptake, GlcN is converted to GlcN6P, thereby bypassing the need for GlmS (Plumbridge and Vimr 1999) . Withdrawal of GlcN from the culture results in cessation of growth and, finally, cell death (Supplemental Fig. S21B ). Concomitantly, both sRNAs strongly accumulate; i.e., cells try to compensate for the GlcN6P downshift through activation of the GlmYZ cascade (Supplemental Fig. S21B ; Reichenbach et al. 2008) . Ultimately, this leads to up-regulation of a plasmidencoded glmS9-lacZ fusion when present in these strains (Supplemental Fig. S21C ), demonstrating induction of the complete GmY/GlmZ/glmS regulatory cascade upon GlcN6P depletion. The GlcN6P downshift had no significant effect on cellular RapZ levels (Supplemental Fig.  S21D ). Two hours after amino sugar withdrawal (Supplemental Fig. S21B ), cells were harvested, and the sRNAs copurifying with the chromosomally encoded Strep-RapZ protein (Supplemental Fig. S23 ) were isolated and analyzed by Northern blot (Fig. 6E) . Indeed, more GlmY was bound to RapZ in the GlcN-starved glmS mutant as compared with the isogenic glmS + strain (Fig. 6E , top panel, lanes 5,7). Intriguingly, the opposite pattern was observed for GlmZ (Fig. 6 E, bottom panel, lanes 5,7) . Collectively, the data suggest that accumulation of GlmY, as a consequence of either its artificial overexpression or GlcN6P depletion, sequesters RapZ, leading to the displacement of GlmZ. Consequently, GlmZ is not recruited to processing by RNase E and accumulates to activate glmS expression (Fig. 7) . Model for the control of the regulatory GlmY/GlmZ cascade by RapZ. When GlcN6P concentrations are high in the cell, GlmY is present in low amounts. Under these conditions, RapZ is free to bind GlmZ and recruit it to processing by RNase E through protein-protein interaction. Consequently, GlmZ is inactivated and unable to activate GlmS synthesis. When GlcN6P levels decrease, processed GlmY accumulates and binds and sequesters RapZ. Thereby, GlmZ remains unbound and cannot be processed by RNase E. As a result, GlmZ base-pairs with glmS in an Hfq-dependent manner and activates synthesis of GlmS, which resynthesizes GlcN6P.
Discussion
In the present study, we provide mechanistic insight into the GlmY/GlmZ sRNA cascade regulating synthesis of the metabolic enzyme GlmS. We show that protein RapZ is a novel type of an RNA-binding adapter protein that binds sRNA GlmZ and targets it to processing by RNase E. Notably, this process involves direct interaction of RapZ with the N-terminal catalytic domain of RNase E. Cleavage of GlmZ by RNase E removes the base-pairing nucleotides and thereby inactivates the sRNA (Fig. 7,  left) . The homologous sRNA GlmY counteracts this process by acting as decoy sRNA for RapZ and thus functions as an anti-adaptor. GlmY accumulates upon GlcN6P depletion and sequesters RapZ. As a result, full-length GlmZ is stabilized and activates GlmS synthesis through Hfq-assisted base-pairing with its mRNA (Fig. 7, right) . Thus, E. coli uses a regulatory circuit composed of a basepairing sRNA, an adaptor protein, and an anti-adaptor sRNA to achieve GlcN6P homeostasis. This mechanism likely applies to all species of Enterobacteriaceae, in which all components of the circuit are conserved (Supplemental Fig. S8 ; Gö pel et al. 2011).
Our work has two major implications for bacterial sRNA-mediated regulation and control of RNA turnover in general. First, proteins that selectively associate with particular sRNAs to alter their functionality might be more common in bacteria than previously thought. Second, proteins can play a major role in programming a particular RNA to processing or degradation, thus explaining how specificity in substrate recognition by RNases can be achieved.
Reconstitution of specific processing of GlmZ by RNase E in vitro required protein RapZ (Fig. 6 A,B) . Thus, GlmZ per se is not an appropriate substrate for RNase E. How RNase E recognizes its various substrates has yet to be understood. In functional analogy to decapping of eukaryotic mRNAs, many RNAs require dephosphorylation at their 59 end to initiate RNase E-mediated decay (Deana et al. 2008) . Interaction with the 59 monophosphate end of the RNA was shown to activate the catalytic function of RNase E (Callaghan et al. 2005) . In the in vitro cleavage experiments (Fig. 6 ) GlmZ carried a triphosphate at its 59 end. Therefore, it seems unlikely that RapZ acts by providing access for RNase E to the 59 end of GlmZ, which is sequestered in a stable stem-loop structure (Fig. 4) . This is further supported by data indicating that RapZ contacts the lateral bulge in the central stem-loop in GlmZ (Fig. 4) . However, mutations in this structure were not sufficient to abolish RapZ binding ( Supplemental Fig.  S18) ; instead, they strongly impaired processing by RNase E (Fig. 6C) . Thus, GlmZ might belong to the class of substrates that are recognized by RNase E through their fold and are cleaved regardless of their 59 phosphorylation status (Kime et al. 2010; Bouvier and Carpousis 2011) . It is worth noting that only processed GlmZ copurified with RapZ when RapZ was overexpressed (Fig. 2 A,B) . In contrast, only full-length GlmZ copurified when RapZ was expressed at physiological concentrations (Fig. 6 D,E) . In vitro RapZ binds both forms of GlmZ with similar affinities (Supplemental Fig. S6B ). In vivo, RapZ might preferably bind the more abundant of both forms. In principle, this could provide the basis of a feedback mechanism inhibiting processing of GlmZ when the level of processed GlmZ exceeds a threshold that remains to be determined.
Different experimental approaches demonstrated interaction of RapZ with the N-terminal domain of RNase E, and this interaction is most likely direct (Fig. 5 B-D ; Supplemental Figs. S15-S17). Thus, two different scenarios can be envisioned for the mode of action of RapZ, which remains to be explored. In the first model, RapZ might allosterically activate RNase E upon interaction, and binding of GlmZ by RapZ would serve to deliver GlmZ to RNase E located at the membrane. Upon contact, GlmZ would be released from RapZ and transferred to RNase E. In the second model, binding of RapZ would induce and stabilize structural rearrangements in GlmZ, converting it to a substrate that is recognized by RNase E. There is accumulating evidence that RNase E undergoes multiple, possibly dynamic interactions with other proteins beyond its role in the canonical RNA degradosome. For instance, an alternative degradosome containing Hfq rather than RhlB appears to degrade certain sRNAs/ target mRNA duplexes (Ikeda et al. 2011) . Protein CsrD was shown to selectively bind sRNAs CsrB and CsrC to promote their degradation by RNase E, but whether this involves interaction with RNase E is unknown (Suzuki et al. 2006) . Recently, the RNA-binding protein RHON1 was shown to target certain plastid transcripts to processing by RNase E in Arabidopsis (Stoppel et al. 2012) . As observed here for RapZ, this process likely involves interaction of RHON1 with RNase E. Therefore, it is tempting to speculate that RNA adaptor proteins are ubiquitously used to program ribonucleases for target specificity.
We also clarified how the sRNA GlmY counteracts processing of its homolog, GlmZ, and thereby controls glmS expression indirectly. In contrast to GlmZ, GlmY appears not to be a base-pairing sRNA, as it is stable in an hfq mutant and is bound by Hfq only with low affinity (Fig. 1) . Given the high similarity of both sRNAs, this difference is remarkable. According to recent reports, an accessible poly(U) tail appears to be critical for sRNA binding to Hfq (Otaka et al. 2011; Sauer and Weichenrieder 2011) . The poly(U) tail of GlmY, in contrast to that of GlmZ, is buried in a stem-loop structure, which may explain the differences in Hfq binding. Consistently, GlmY acts on glmS not by base-pairing, but by targeting protein RapZ. RapZ appears to recognize similar structures in both sRNAs (i.e., the central stem-loops, including the lateral bulges) (Fig. 4) , presumably through a domain located at its C terminus (Fig. 3) . Both sRNAs compete for binding to RapZ (Figs. 2, 6D ) and GlmY outcompetes GlmZ when it accumulates as consequence of intracellular GlcN6P depletion ( Fig. 6E; Supplemental  Fig. S21B ). Finally, GlmY prevents the RapZ-mediated processing of GlmZ by RNase E in vitro (Fig. 6A) , reflecting the in vivo scenario (Reichenbach et al. 2008; Urban and Vogel 2008) . In vitro, processed as well as unprocessed GlmY are able to counteract processing of GlmZ ( Fig. 6A; Supplemental Fig. S19 ). However, in vivo, it is processed GlmY that accumulates upon GlcN6P depletion and is responsible for inhibition of GlmZ cleavage (Supplemental Fig. S21B ). In conclusion, a small RNA acts as a decoy to inhibit degradation of a second sRNA through sequestration of an RNase-recruiting protein.
The regulatory circuit investigated here strongly resembles the principle of controlled proteolysis of regulatory proteins in bacteria (Bougdour et al. 2008) . In this process, a regulatory protein is recruited to the degrading protease complex through interaction with an adaptor protein. This can be counteracted by an anti-adaptor protein that binds and sequesters the adaptor, leading to stabilization of the regulator. The GlmYZ system works similarly, but here the adaptor protein targets a sRNA regulator to programmed decay and is antagonized by a sRNA anti-adapter. Such a sophisticated regulatory cascade provides multiple points of entry and exit for interaction and communication with additional molecules. For instance, usage of multiple anti-adaptor proteins allows the cell to activate the regulatory protein in response to different environmental cues (Bougdour et al. 2008) . Whether similar scenarios hold true for the GlmYZ system remains to be explored.
Materials and methods

Growth conditions, plasmids, and strains
Plasmids, strains, and culture conditions are described in the Supplemental Material.
Western blotting and dot blot far-Western analysis
Western blotting and dot blot far-Western analysis were carried out as described previously (Lü ttmann et al. 2012) . For dot blot far-Western analysis, Strep-RapZ and Strep-RapZ quad were purified from strain Z106, which lacks GlmY and GlmZ. Polyclonal rabbit antisera were used at dilutions of 1:5000 (anti-RapZ, Seqlab), 1:10,000 (anti-Flag, Sigma-Aldrich), and 1:20,000 (antiStrep, PromoKine; and anti-His, Antibodies-online.com). The antibodies were visualized with alkaline phosphatase-conjugated goat anti-rabbit IgG secondary antibodies (Promega) diluted 1:100,000 and the CDP* detection system (Roche Diagnostics).
Isolation of total RNA and Northern analysis
Purification of total RNA and Northern blotting was performed as described previously (Reichenbach et al. 2008 (Reichenbach et al. , 2009 ). Digoxigenin-labeled RNA probes were produced by in vitro transcription of PCR products. Oligonucleotides BG709 and BG710 were used to generate the csrC-specific PCR product.
Protein purification
The purification of recombinant Strep-and His 6 -tagged proteins is described in the Supplemental Material.
Electrophoretic mobility shift assays (EMSAs)
EMSA experiments were performed essentially as described previously (Sittka et al. 2007 ) using a-32 P-UTP-labeled RNAs, which were generated as described in the Supplemental Material. Briefly, ;4 nM heat-denatured labeled sRNA, 1 mg of yeast tRNA, and various amounts of Hfq or Strep-RapZ were incubated in 13 structure buffer (10 mM Tris at pH 7, 100 mM KCl, 10 mM MgCl 2 ) in a final volume of 10 mL for 30 min at 30°C. Protein dilutions were prepared in 13 structure buffer, and protein concentrations were calculated for RapZ monomers and Hfq hexamers, respectively. Prior to loading, 2 mL of loading buffer (50% glycerol, 0.53 TBE, 0.2% bromophenol blue) was added, and samples were subsequently separated by gel electrophoresis (8% polyacrylamide, 13 TBE) in 0.53 TBE buffer at 300 V for 3 h at 4°C. Dried gels were analyzed by PhosphorImaging.
RNA and protein copurification
Copurification experiments were carried out as described previously (Lü ttmann et al. 2012) . Briefly, Strep-tagged bait proteins were purified from E. coli cells by StrepTactin affinity chromatography. Successful purification of the bait proteins was confirmed by SDS-PAGE and subsequent analysis of the gels by staining with Coomassie blue (Supplemental Figs. S4, S8, S11) or by Western blotting using anti-RapZ antiserum ( Fig. 6D ; Supplemental Fig. S15 ). Copurifying RNase E-3xFlag was detected by Western blotting using anti-Flag antiserum. For isolation of copurifying RNAs, 300 mL of the elution fractions was extracted with phenol:chloroform:isoamyl-alcohol (25:24:1), and the RNA was precipitated with EtOH:LiCl (30:1) and resolved in 30 mL of RNase-free water. Of these samples, 2.5 mL was subjected to Northern blotting and 15 mL was used for conversion to cDNA.
Preparation of cDNA and 454 pyrosequencing cDNA library construction and 454 pyrosequencing were performed as described for the identification of eukaryotic microRNA (Berezikov et al. 2006 ) but omitting size fractionation of RNA prior to cDNA synthesis (Sittka et al. 2008) . The cDNAs were PCR-amplified to 20-30 ng/mL. The resulting cDNA libraries were sequenced on a Roche FLX Titanium 454 sequencer. The sequences of cDNA inserts $18 nt were blasted against the E. coli K12 genome (NC_000913). The Integrated Genome Browser software from Affymetrix was used for visualization of the location of blast hits and calculation of mapped reads per nucleotide.
b-Galactosidase assays
Overnight cultures of E. coli were inoculated into fresh LB medium to an OD 600 of 0.1 and grown to an OD 600 of 0.5-0.8. Subsequently, the cells were harvested, and the b-galactosidase activities were determined as described previously (Miller 1972) .
The presented values are the average of at least three measurements using independent cultures from at least two independent transformants.
RNase T1 protection assays
RNase T1 protection assays were carried out in 10-mL reactions as described previously (Sharma et al. 2007 ). Briefly, 0.4 pmol of the sRNA, which was 59-end-labeled as described in the Supplemental Material, was denatured (1 min at 95°C) and chilled for 5 min on ice. Subsequently, 103 structure buffer (100 mM TrisHCl, 1 M KCl, 100 mM MgCl 2 at pH 7.0), 1 mg of yeast tRNA, and, optionally, 40 nM or 300 nM Strep-RapZ were added. After incubation for 10 min at 30°C, the reaction was started by addition of 0.1 U of RNase T1 (Ambion). Following 2 min of incubation at 37°C, the reaction was stopped by addition of 100 mL of stop solution (50 mM Tris, 10 mM EDTA, 0.1% SDS at pH 8.0).
The solution was extracted with phenol:chloroform:isoamylalcohol (25:24:1), and the RNA was precipitated with ethanol:sodium acetate (pH 5.2) (30:1) and finally dissolved in 22 mL of 23 RNA loading buffer (95% formamide, 18 mM EDTA, 0.025% SDS, 0.01% Xylene cyanol, 0.01% Bromophenol blue). OH ladders were obtained by incubation of 0.8 pmol of 59-endlabeled sRNA for 5 min in alkaline hydrolysis buffer (Ambion) at 95°C. RNase T1 ladders were generated by incubating 0.8 pmol of 59-end-labeled sRNA in 13 sequencing buffer (Ambion) for 1 min at 95°C and subsequent addition of 0.1 U of RNase T1 and incubation for 5 min at 37°C. Reactions were stopped with 12 mL of 23 RNA loading dye. All samples were denatured for 1 min at 95°C and chilled on ice prior to loading on 6% polyacrylamide/7 M urea sequencing gels. Electrophoresis was carried out in 13 TBE at 40 W for ;2 h. The gels were dried and analyzed by PhosphorImaging.
BACTH assays
To assess protein-protein interaction in living E. coli cells, the BACTH system was used as described previously (Karimova et al. 1998) . Details are provided in the Supplemental Material.
RNase E in vitro cleavage assay
Forty nanomolar a-32 P-UTP-labeled GlmZ RNA was denatured by incubation for 2 min at 70°C, followed by incubation for 5 min on ice. The RNA was renatured by incubation for 5 min at 30°C in 13 reaction buffer (25 mM Tris-HCl, 50 mM NaCl, 50 mM KCl, 10 mM MgCl 2 , 1 mM DDT at pH 7.5) containing 0.1 mg/mL yeast tRNA (Ambion) in a volume of 8 mL. Subsequently, 1 mL of 13 reaction buffer containing the indicated concentration of Strep-RapZ was added and incubation was continued for 10 min. To determine the impact of GlmY on the cleavage assay, 60 nM denatured unlabeled GlmY was added prior to renaturing of GlmZ. Cleavage was started by addition of 1 mL of 13 reaction buffer containing the indicated concentration of the catalytic domain of RNase E, followed by incubation for 20 min at 30°C. Reactions were stopped by addition of 4 U of Proteinase K (Fermentas) and PK buffer (100 mM Tris/HCl, 12.5 mM EDTA, 150 mM NaCl, 1% SDS at pH 7.5), and the samples were incubated for 10 min at 50°C to ensure degradation of RNase E. RNA loading buffer (23) was added, and samples were separated on 7 M urea/TBE/8% polyacrylamide gels. The gels were dried and analyzed by PhosphorImaging.
